The effective ''spin-orbit'' field acting upon spins of carriers in two-dimensional electronic structures ͑the Rashba field͒ arises due to the spatial asymmetry of the system. It will be shown in this letter that even in quantum wells with perfectly symmetric environment, a random Rashba field arises due to fluctuations of concentration of dopant ions. The magnitude of the field, its correlation function, and electron spin relaxation rate in this field are presented. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1533839͔
where ␣ is the coupling constant, are the Pauli matrices, k ʈ is the in-plane momentum of a carrier, and is the unit vector perpendicular to the plane. Equation ͑1͒ describes the contribution of macroscopically broken inversion symmetry in heterojunctions and asymmetrically-doped quantum wells. 6, 7 In the wells made of A 3 B 5 materials ͑GaAs, InAs, etc.͒, without an inversion symmetry of the unit cell, spinorbit coupling may also originate from the bulk Dresselhaus term in the form Ĥ 3D ϭ␣ c (), where x ϭk x (k y 2 Ϫk z 2 ). ͑The other components are obtained by a circular permutation of x,y,z.) This k 3 -originated spin splitting of the subbands due to size quantization is proportional to ␣ c k ʈ (/a) 2 , where a is the thickness of the quantum well 8 for electrons and a more complicated nonmonotonic k ʈ -dependence for holes. [9] [10] [11] A possibility to resolve experimentally the contributions of the Rashba and the Dresselhaus terms, which are of the same order of magnitude, was shown in Ref. 12 .
Concerning the spin degrees of freedom, the Hamiltonian in Eq. ͑1͒ is equivalent to a k ʈ -dependent magnetic field acting upon the spin of the carrier. The magnitude and the direction of the effective field are determined by h R Ќk ʈ , with h R ϭ␣k ʈ . This field causes the spin precession and leads to several experimental observations, such as a renormalization of the g-factor, electric dipole spin ͑combined͒ resonance, and splitting of the line of cyclotron resonance. However, the Rashba field itself cannot lead to the irreversible spin relaxation since it causes only a regular spin precession, while for an irreversibility a randomness in the precession is needed.
Let us consider symmetric quantum wells, in which the concentrations of the dopant ions are precisely the same on each side. The symmetric wells made of A 3 B 5 materials show spin-orbit coupling due to the averaged Dresselhaus terms. Another case is the Si-Si x Ge 1Ϫx wells, in which the Si unit cell has an inversion symmetry. A weak ͑three orders of magnitude smaller than in the A 3 B 5 quantum wells͒ spinorbit coupling in these systems was reliably observed for electrons in asymmetrically doped Si-Si x Ge 1Ϫx quantum wells. 13 A further contribution to spin-orbit coupling, common for A 3 B 5 and Si-Si x Ge 1Ϫx wells, not previously taken into account, has a local origin that can be understood as follows. Due to fluctuations of the concentration of the dopant ions at the sides of the quantum well, an electric field perpendicular to the conducting layer exists at each point of the quantum well, however, with random magnitude. This field causes locally an asymmetry of the well. For this reason, a random Rashba field arises with the spatial average ͗h R ͘ϭ0, and the Hamiltonian in Eq. ͑1͒ acquires the form
A model of random spin-orbit coupling in bulk Si and Ge with charged impurities was proposed by Mel'nikov and Rashba.
14 There, fluctuations of the concentration of dopant ions lead to a random Coulomb field at the donor sites, and, in turn, to a local spin-orbit coupling on them. Next, we consider a model of the dopant fluctuations-induced random Rashba field in quantum wells and show that this effect imposes restrictions on minimal spin relaxation rate in these systems.
A sandwich of a two-dimensional conducting sheet and two dopant layers separated by a spacing z 0 , as it is shown in Fig. 1͑a͒ 
where n u ( u ) and n d ( d ) are the two-dimensional concentrations of dopant ions in the upper u and lower d layers, respectively, is the two-dimensional radius-vector in the conducting layer, and ⑀ is the dielectric constant. The function f ( 1 , 2 ) has the form
We assume that the dopant ions are completely uncorrelated such that their correlation function is the ''white noise:''
where n is the mean in-layer concentration of impurities, indices p 1 ϭu,d and p 2 ϭu,d denote the dopant layers, ͗ . . . ͘ stands for averages, and the concentration of carriers in the conducting sheet is 2n when all carriers come from dopant. We assume also that the role of the asymmetry can be reduced to first-order effect of the external electric field, and, therefore, the local Rashba parameter is given by ␣() ϭE z (), where is a sample-dependent constant. The parameter for A 3 B 5 quantum wells varies from 5 e•Å 2 in GaAs to 10 2 e•Å 2 in InAs, 12 rapidly increasing with the unit cell asymmetry. We also assume that k ʈ z 0 ӷ1, and, therefore, we can treat the Rashba Hamiltonian locally as an uniform field. By using Eqs. ͑3͒-͑5͒, we can introduce the correlation function 15 of the random Rashba parameter determined by
and
In the asymmetric case with n d n u , one obtains for the regular -independent contribution,
, the random effects prevail even in an asymmetrically-doped quantum well. A typical realization of random ␣() is shown in Fig. 2͑a͒ , and the function F corr () is presented in Fig.  2͑b͒ . The asymptotic for ӷz 0 of F corr ()Ϸ4(z 0 /) 3 shows that the spin-orbit coupling is correlated on the lateral scale ϳz 0 . This random term in A 3 B 5 quantum wells is added to the k 3 -originated regular contribution. The relative contribution of these terms is determined by the quantum well parameters such as the thickness, concentration of carriers, and the boundary conditions at the interfaces. In the symmetric Si-Si 1Ϫx Ge x wells, this term gives the only contribution. Therefore, the symmetrically-doped Si-Si x Ge 1Ϫx wells are naturally suitable for the investigation of random spin-orbit coupling. For this reason we concentrate our attention on these systems.
The Elliot-Yafet 16, 17 and the Dyakonov-Perel' 18 mechanisms describe the spin relaxation in semiconductors with one type of carriers. Both mechanisms require an instant random scattering process leading to carrier momentum relaxation. In the Elliot-Yaffet mechanism, the spin state of electron changes in every collision due to impurities or phonon, such that the relaxation times for spin and momentum are proportional to each other. In the Dyakonov-Perel' mechanism, the orientation of the spin precession axis, which de- pends on k, changes randomly by collisions The resulting spin motion is a diffusion, and the relaxation rate ␥ DP ϳh R 2 , where is momentum relaxation time.
For the case of a symmetric quantum well the spin precession rate in a point is determined by the local ␣͑͒, and the direction of the precession depends on the direction of the local Rashba field. Therefore, for a moving electron it is itself a random function of time without any scattering by impurities or phonons. In this case, the same mechanism causes the spin precession and relaxation. The change of the precession angle of the spin ␦ d during the motion through a domain of a lateral size of the order of
z 0 /v, where z 0 /v is the time necessary to pass through one domain. In the next domain of the same lateral size, the direction of h R is most probably opposite, and the spin precesses in the opposite direction. As a result, the precession is random even for a carrier moving straightforwardly.
Let us consider the spin relaxation of electrons moving with the velocity v, assuming that the free path ᐉϭv ӷz 0 . The path of the electron is then lϭvtЈ and the coordinate ϭvtЈ. The equation of motion of the component of the spin perpendicular to the h R has the form
The solution of this equation is
͑10͒
The average of the exponent ͑Ref. 19͒ yields
The asymptotic of ⌫ r (t), for tӷz 0 /v, behaves like
Since the z-component of the spin is always perpendicular to h R , it relaxes on the time scale of the order of r . The in-plane components of s Ќ are determined by the direction of k ʈ . However, since the momentum components k ʈ ,x and k ʈ ,y become equivalent due to scattering by impurities, the spin relaxation rates for s x -and s y -components are equal and occur on the same time scale as the relaxation of s z . Qualitatively, Eq. ͑13͒ can be understood as follows. If tӷz 0 /v, the change of the precession angle in estimated as
. At tϳ r one should obtain (⌬) 2 ϳ1, which leads to Eq. ͑13͒. Now we can estimate the ratio of the spin relaxation rates in the symmetrically-and strongly asymmetricallydoped quantum well, assuming that for the latter the Dyakonov-Perel' mechanism is valid. By comparing the expressions for ͗␣ 2 ͘ in Eqs. ͑6͒ and ͑8͒ for n u Ӷn d , we obtain from Eq. ͑13͒ and the formula for ␥ DP an estimate:
By assuming n z 0 2 ϳ10, z 0 ϳ10 3 Å, and ᐉϳ10 z 0 , we obtain that in symmetric Si-Si x Ge 1Ϫx quantum wells, the spin relaxation rate is at least two orders of magnitude lower than in the asymmetric systems. The value of ᐉ corresponds at a concentration of electrons 3ϫ10 11 cm Ϫ2 , to the mobility of the order of 10 5 cm 2 /(V s), that is, close to the experimental parameters. 13 Recent measurements of spin-orbit coupling by spin photocurrent for holes in symmetric Si-Si x Ge 1Ϫx wells 20 showed that this coupling is still beyond the experimental resolution, in qualitative agreement with our statement about smallness of spin-orbit coupling in these systems.
To conclude, we have shown that there is a natural minimum spin-orbit coupling caused by the Rashba mechanism even in perfectly symmetric quantum wells. This random coupling causes a random precession of the spin and, in turn, a finite spin relaxation rate. This effect can be observed with an increased sensitivity of the experimental setup.
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